Abstract. The paper deals with a specific aspect of a general survey, that is being carried out during last ten years in several regions of Serbia (former Yugoslavia, former Serbia and Montenegro) to assess population exposure to natural radioactivity based on geochemical and integrative pattern research approach. The originality regarding this work is related to the facts such as follows: the first identification and assessment of high areas of natural radiation in Serbia which provides insight into its regional characteristics, the interpretation of the results in terms of geological aspects, building types and human habits, the first introduction and field applicability of both (surface and volume trap) retro techniques in Serbia and assessment of doses and risks to the population in investigated high natural radiation rural communities.
INTRODUCTION
Although radon, being the most important natural source of population radiation exposure, has been well explored issue, for Serbia and most of the countries at Balkan region, there is no systematic data on the levels of radon exposure in its dwellings. As reliable assessment of population exposure to natural radiation environment requires proper structured program of radiation measurements and due to the fact that the program should be based on thorough analysis of background information on geology of local territory, its building construction traditions and its population lifestyle, since 1997 several hundred houses in rural communities of South Serbia and Kosovo, Southeast and West Serbia, in Republic Srpska (Bosnia and Herzegovina) and in Montenegro has been investigated. From the geological point of view each region has its own specific peculiarity and some of are associated with high level of natural radiation: Niška Banja, Southeast Serbia -presence of radium rich travertine; Gornja Stubla, Kosovo -combined uranium-thorium anomalous zone; Kalna, Southeast Serbia -former uranium mining area in granite massive. Protocols of the field investigations to assess population exposure in these regions included indoor and outdoor radon measurements, air kerma measurements as well as soil and water radioactivity measurements. Most attention was paid to indoor radon exposure. Various advanced techniques of indoor radon measurements were applied involving both surface and volume retrospective approaches simultaneously at the same indoor spaces. Indoor thoron gas concentrations were investigated as well. Performed analysis of radon surveys data included study of seasonal and long-term variation, comparison of contemporary and retrospective measurements, analysis of factor affecting indoor radon levels, dose and risk assessment.
MATERIAL AND METHODS

Contemporary radon and thoron measurements
Several differently designed chambers for the CR-39 and polycarbonate detectors were used such as: SSI/NRPB detectors, the CR-39 detectors enclosed in small cylindrical (5 cm height, 3 cm diameter) diffusion chamber, passive discriminative Cr-39 Radopot and Raduet detectors [1] , passive discriminative polycarbonate UFO detectors [2, 3] . Exposure periods were generally of about 3 months covering one season. Annual averages were obtained using either results of all the seasonal measurements, if available, or results of some periods corrected with seasonal factors [4] . Polycarbonate films were etched electrochemically [3] .
Retrospective Assessment of Radon Exposure (RARE) techniques
In recent years two methods of retrospective radon assessment have been developed, both based on measuring the activity of the long-lived radon daughter 210 Pb by means of its alpha emitting daughter 210 Po. The 210 Pb has been accumulated over many years on the surface of solid media (mostly glass), known as surface traps (ST) [5] [6] [7] [8] , or in the bulk of porous media (mostly furniture filling sponges), known as volume traps (VT) [9] . Activity of 210 Po can be related to the long-term average indoor radon concentration. While the ST technique is based on solid state detectors (CR-39 and LR115), the VT technique uses radiochemical procedures and alpha spectrometry. Both retro techniques, i.e., ST and VT were applied successfully in three rural communities: Kalna, Gornja Stubla and Niška Banja, i.e., have been tested for a large scale in surveys and the same indoor spaces data were available from surface traps, volume traps and contemporary radon measurements [10, 11] as well as a study by Paridaens et al. [12] .
In the ST technique, glass usually found in photograph and picture frames is used, because it is often easy to date it. The measurement material for the VT technique is typically a 100 cm 3 polyester foam sample taken from mattresses or cushions used in a dwelling. One of the major disadvantages is that the technique is destructive and so occupants are sometimes reluctant to supply samples for the measurement. In principle the measured longlived radon progeny should be directly proportional to the long term average radon in the house and unlike the ST technique is independent of aerosol conditions in room air.
Placement and retrieval of detectors in dwellings
The fieldwork has been carried out by the members of the Institute of Nuclear Sciences "Vinča" (Belgrade). A detailed questionnaire was completed for each room of interest that recorded a number of other relevant factors relating to indoor radon. These factors were then used in conjunction with the modified Jacobi room model [13] in order to better estimate the average radon concentration. The ST monitors were left in-situ for a period of approximately 3 months before being removed and sent to Ireland (University College Dublin) for analysis. The VT samples were sent to Belgium (SCK·CEN, Mol) for analysis.
Long-term changes of indoor radon concentration
When comparing the retrospective and contemporary measurements results it is necessary to take into account the long-term indoor radon changes [14] . Changes and transformations of construction components (such as basement, construction joints, insulation, interface gaps etc.), building underlying soil physical condition and occupant living habits may in the course of time result in systematic changes of the radon entry. Analysis of retrospective indoor radon concentrations estimated over different ages of volume or surface traps can be somehow biased under condition of substantial long-term change of indoor radon. For example retrospective estimates of indoor radon concentration in the same space using two separate objects of different age may be found to be inconsistent. On the other hand the difference between radon concentrations determined by retrospective and contemporary technique can be rather explained by long-term changes than by strong measurements error. Thus the consideration of such processes allows meaningful comparison of contemporary and retrospective data as well as investigation of its pattern using these data. By the results of radon entry modeling the long-term character of the indoor radon variation is close to linear [14] though the year-by-year variation could be random. In particular, to describe monotonous long-term changes a coefficient k equal to the ratio of the annual radon concentration of two consecutive years has been introduced. Using this coefficient, retrospective indoor radon concentration CR (average of annual radon concentrations within a period equal to the age, A, of the "trap") is connected with contemporary indoor radon concentration [14] .
EXPOSURE, DOSE AND RISK ESTIMATION
Health implications of long term radon exposure
As described above radon concentrations were measured in many dwellings in the investigated areas. In many cases the concentrations were well above what are considered as unacceptably high levels from a health perspective for human exposure. For example in many countries there are ranges of radon action or reference levels above which it is recommended that remedial action should take place to reduce high radon exposures. These action or reference levels differ from country to country but are generally in the range 200 to 600 Bq/m 3 [15] . Therefore it is necessary to estimate the lung cancer risk of the population in these communities in Serbia where their indoor radon levels exceeded the action or reference levels.
Radon is one of a very small number of substances which have been confirmed to be human carcinogens based on human studies. And radon is a Group 1 and Group A carcinogen, according to the classifications used by the World Health Organisation (WHO/IARC) and by the US Environmental Protection Agency [16] , respectively. The principal adverse health effect arising from the inhalation of radon and mainly its decay products is lung cancer. From a health perspective the most significant daughter products are 218 Po, 216 Po, 214 Po, 212 Po. These elements, unlike radon, shortly after their formation attach themselves to aerosol particles; a small fraction of them remain in unattached form, depending on aerosol size and concentration and ventilation rate [17] . For the risk assessment of general population radon exposure (as distinct from occupational exposure) two different approaches can be used to estimate the lung cancer risk arising from exposure to radon decay products.
The dosimetric approach, in which the radiation doses to lung tissues is estimated and the associated risk is evaluated using currently accepted dose/risk factors for ionising radiations and the residential epidemiology approach, in which case-control studies of the general population are used to derive risk factors.
In the following sections the risk to the exposed populations in the investigated areas of Serbia will be estimated and compared using both approaches.
The dosimetric approach
Here the dose to the lung is estimated using models of lung deposition of radon progeny and dosimetry. A number of such models exist and while they are similar in many regards they differ in a number of key assumptions such as: the identification and location of the sensitive cells in lung, the weighting factor for alpha radiation. In addition at the level of the individual person physiological factors as lung morphometry, breathing rate, smoking habits, lung clearance rate, solubility of radon progeny in lung etc would need to be taken into account. It is decided to use for estimating the doses to the general population, which includes both smokers and non-smokers, a single value of 0.065 mSv Bq −1 m 3 y −1 for the dose/exposure conversion factor for estimating the doses to the general population, which includes both smokers and non-smokers. This value is derived from the work of Marsh, Birchall and Davis [18] based on the not unreasonable assumption of a 40% prevalence of smoking in the general population of Serbia. Other dose/exposure conversion factors are available in the current literature but are not significantly different from this value. It should be noted that the dose referred to is the "effective dose". For purposes of estimating the dose and risk to the general population in the investigated areas tissue weighting factor of 0.12 for lung and use fatal cancer risk is taken into account and for estimating the lifetime risk, lifetime of 70 years is considered. Estimated life time risk for radon induced lung cancer in 3 rural communities in Serbia: Kalna, Gornja Stubla, Niška Banja are estimated and presented in the Table 1 . It is fully realized that a number of assumptions are made to derive these estimations. However, as they are not unreasonable these estimates may be taken as reasonable values at least for the purpose of comparing the radon risk between these three areas. It cannot be overemphasized that such estimates are not meant to apply at the level of an individual person but may be useful to decision makers and health authorities to develop policies and strategies for reducing future radon exposures and associated risks in these areas, since ICRP as well as IAEA recommend some action levels for radon to reduce radon exposure in each country.
The epidemiological approach
In past decades epidemiological studies on the health effects of radon exposure have been made for underground miner cohorts (mainly on uranium and other hard rock miners). The results of these cohort studies have been extended to use for the estimation of risks to the general population exposed in their homes. In recent years, however, a number of major epidemiological case-control studies on the public in their homes (radon residential studies) have taken place which gives more direct epidemiological information on the risk to the public. Recently the detailed results of a collaborative analysis on individual data of 7148 persons with lung cancer and 14208 persons without lung cancer from 13 epidemiological studies in Europe has been published [19] . This is the largest and most comprehensive study of this type published in the literature to date. The excess relative risk of lung cancer per 100 Bqm −3 was estimated to be 0.08 (95% CI 0.03-0.16; p = 0.0007) after adjusting confounding factors. It was not found that the excess relative risk varied with age, sex or smoking habits. Obviously the absolute risk of lung cancer for non-smokers is much lower than for smokers but the excess relative risk was essentially the same for both groups. Assigning a risk factor to be unity (= 1) for non-smokers at zero radon then for smokers the analysis of this study yielded a relative risk value of 25.8 at zero radon. Then using the excess relative risk factor of 0.08 (given above) we can estimate that the relative risk to a non-smoker at 100 Bq/m 3 (for example) increases from 1 to 1 · 1.08 = 1.08 while for a smoker it increases from 25.8 to 25.8 · 1.08 = 27.86. This relative risk estimation from [19] will now be applied to the populations in the three investigated areas in Serbia. In the study of Darby et al. [19] , the percentages of actual fatal lung cancer for both non-smokers and smokers are estimated 0.41% (= 0.0041) and 10.11% (= 0.1011) by age 75 years, respectively. On the basis of these values, increased risk compared to non radon environment and to fatal lung cancer in the investigated areas: Kalna, Gornja Stubla, Niška Banja are presented in the Table 1 .
Comment
While the risk estimates using the dosimetric and epidemiological approaches are not in agreement (not can we reasonably expect them to be so) they both indicate that the elevated radon in these communities may represent a significant health risk. It must also be stated and it cannot be overemphasized enough that all the above estimates (both using the dosimetric and epidemiological approaches) are based on many simplifying assumptions. Disregarding anecdotal non-scientific comment on lung cancer incidence in these communities the actual values of lung cancer incidence in these communities as a function of age, sex, radon exposure, smoking habits etc., in these communities are not presently known. This may become in the future a topic of epidemiological study. Nevertheless the risk estimates using either approach suggest that the high radon levels in these three communities (and in particular in Niška Banja) may represent a significant public health risk. From a positive perspective it is worth noting that building construction regulations now exist in a number of European countries which for new buildings make it possible to construct dwellings with low indoor radon levels even in areas where the rocks and soils contain elevated radon levels.
RESULTS AND CONCLUSIONS
The indoor radon levels in Serbia and some part of Balkan region for dwellings in different rural communities follow lognormal distribution (GSD = 1.8 ÷ 3.2), strongly depend on the type of underlying rock and average radon levels range between 45 Bqm −3 for limestone (Montenegro) and 1560 Bqm −3 for travertine (Niška Banja) [20] [21] [22] [23] . Highest obtained average indoor radon concentrations were about 1200 Bqm −3 in Niška Banja, 500 Bqm −3 in Gornja Stubla and 200 Bqm −3 in Kalna. As estimated by parameters of lognormal distribution part of houses with indoor radon concentration above 600 Bqm −3 were 46% in Niška Banja, 23% in Gornja Stubla and 1.4% in Kalna.
In Balkan region there is the tendency to the increasing of the indoor radon concentrations during the ageing of the dwellings, but the different techniques or retrospective radon measurements gives the different values for expected value of decade increasing coefficient (VT retro technique gives higher value of decade increasing coefficient than ST technique) [10, 11, 14, [23] [24] [25] . It can be explained by the significant influence of aerosol concentration on the assessment of retrospective value of radon concentration by surface trap technique.
The season variations of indoor radon concentrations in Balkan region can be described by linear regression model relating summer and winter indoor radon concentrations with the typical value of slope factor B ∼ 0.2 ÷ 0.6 and intercept parameter A = 3 ÷ 40 Bqm −3 [21, 22] . It is proved that there is negative dependency between the number of smokers in the dwelling and the average radon concentration and this fact should be taken into account during the epidemiological studies [14] . In some regions of Balkan (Gornja Stubla) the indoor thoron levels are significant and should be taken into account during both radon measurements and radiation dose and risk assessment [20, 22, 26, 27] .
